Abstract Carbon dioxide removal (CDR) is the only geoengineering technique that allows negative emissions and the reduction of anthropogenic carbon in the atmosphere. Since the time scales of the global carbon cycle are largely driven by the exchanges with the natural oceanic stocks, the implementation of CDR actions is anticipated to create outgassing from the ocean that may reduce their efficiency. The adjustment of the natural carbon cycle to CDR was studied with a numerical Earth System Model, focusing on the oceanic component and considering two idealized families of CDR policies, one based on a target atmospheric concentration and one based on planned negative emissions. Results show that both actions are anticipated to release the anthropogenic carbon stored in the surface ocean, effectively increasing the required removal effort. The additional negative emissions are expected to be lower when the CDR policy is driven by planned removal rates without prescribing a target atmospheric CO 2 concentration.
equilibrium between the anthropogenic emissions from fossil fuels (Boden et al. 2011) , and natural sinks from terrestrial and oceanic components (Falkowski et al. 2000) . The recent reconstructions of the global carbon balance (Friedlingstein et al. 2010 ) indicate a persistence of the fossil fuel emission rates, even if modulated by economical conditions. As a mitigation measure, the removal of excess atmospheric CO 2 may become an option together with emission reductions, especially because the emission cut-off is still considered insufficient to mitigate the observed climate changes (e.g. Matthews et al. 2009; Solomon et al. 2009 ). Deliberate carbon dioxide removal (CDR) or air capture is the only geoengineering technique that may allow negative emissions (Keith 2009 ), although the current feasibility of CDR techniques are uncertain and the economical burden is yet to be determined. Field experiments at global scale are still difficult and probably unwise and so numerical simulations are the method of choice ) to investigate and possibly quantify the effect of CDR.
Notwithstanding the thermal inertia of the physical climate system, model results indicate that the restoration of preceding atmospheric compositions is indeed a plausible target, as the natural sinks-especially the ocean-are anticipated to respond to mitigation actions on decadal time scales. For instance, a multi-model analysis (Johns et al. 2011; Vichi et al. 2011 ) has shown that a 450 ppmv stabilization by the end of this century is likely to restore the same values of the CO 2 air-sea fluxes as the ones that the models simulate in the '60s.
According to measurements and model results, about 2/3 of the released anthropogenic carbon since the industrial era have been absorbed by natural sinks (Le Quéré et al. 2009 ). The question is thus what would happen to the carbon cycle if the atmospheric concentration is deliberately restored to a target value. Given the dynamical gas-phase equilibrium, the oceanic component is anticipated to release the portion of anthropogenic carbon accumulated since the pre-industrial period (see Gruber et al. 2009 , for an overview). This ocean outgassing counteracts the planned removal effort, while the role of the terrestrial sink is more difficult to evaluate given the fact that the land sink is not directly known. Cao and Caldeira (2010) used an Earth System Model (ESM) of intermediate complexity to study the long term adjustment of the carbon cycle to an idealized one-time instantaneous CDR to preindustrial concentrations occurring at year 2050, using the IPCC SRES A2 emission scenario as baseline. The usage of a more simplified ESM allowed to perform longterm simulations, as the study addressed the temperature changes and carbon flux adjustment between the climate components up to year 2400. In this paper, we use an ocean-atmosphere carbon cycle model to investigate the adjustment of the ocean to idealized and more realistic CDR actions starting from a permanent current climate simulation. This central set of experiments is further complemented with the inclusion of the land carbon cycle and transient/scenario simulations, in order to extrapolate the results to more realistic conditions of the Earth climate system.
Methods

Model description
The CMCC Carbon Earth System Model (CMCC-CESM) consists of an atmosphereocean-sea ice physical core coupled to models resolving carbon cycle dynamics on land and ocean using the SILVA land surface model (Alessandri 2006) , and the PELAGOS model for ocean biogeochemistry (Vichi et al. 2007; Vichi and Masina 2009) . The technical features of the ESM are fully described in Fogli et al. (2009) and Vichi et al. (2011) . This model has been used extensively, for the simulation of the carbon cycle , for simulations of climate variability (Gualdi et al. 2008 ) and for seasonal forecasts (Alessandri et al. 2010) . The carbon cycle components on land and in the ocean are capable to simulate the exchange of carbon in different biological forms by means of a functional group approach. The PELAGOS model (PELAgic biogeochemistry for Global Ocean Simulations) consists of the global ocean version of the Biogeochemical Flux Model (BFM, http://bfm.cmcc.it), with several planktonic groups, multiple nutrient limitations and a complete representation of inorganic ed organic carbon cycling in the marine environment (Vichi et al. 2007 ). The SILVA (Surface Interactive Land VegetAtion) model also includes the biophysical interactions with momentum, heat and water flux exchanges at the interface between land-surface and atmosphere, and dynamical vegetation with different plant functional types (Alessandri 2006; Alessandri et al. 2012 ).
Experiments
Two different sets of experiments are distinguished: one with the imposition of a reference atmospheric CO 2 concentration pathway (hereafter, the PPM family) and one with prescribed negative emissions and the atmospheric CO 2 let free to evolve according to the surface fluxes and the general circulation (hereafter, the GTY family). Both PPM and GTY families are idealized experiments that describe the potential effects of a particular CDR policy. The PPM focuses on the concentration in the atmosphere (expressed as ppmv) as an indicator of the policy implementation. It is possible that the world in 2100 will have a global economy that is nearly fully decarbonized but still high CO 2 in the atmosphere, and the nations of the world committing to lower the concentration by 1 ppmv yr −1 for 100 years via CDR strategies. The issue that can be considered is what removal effort would be required to compensate for ocean outgassing, in addition to the planned removal effort required if outgassing did not exist (about 2.1 Gt C yr −1 , 1 ppmv = 2.124 Gt C). We can also imagine a world in 2050 that, even though there are still significant emissions, decides to remove a constant 2.1 Gt C yr −1 for the following 100 years via CDR strategies. This policy concentrates on establishing a fixed removal rate for atmospheric carbon and since it uses the emission rate as the reference indicator, it will be called a GTY (Gt/Year) policy.
We tested the response of the natural ocean carbon cycle to these policies in two already existing simulations: an adjusted present-climate simulation described in Patara et al. (2011, named CTRL here) , where the land component is not considered and the atmospheric CO 2 concentration is fixed to 348 ppmv, and a transient simulation with the full ESM configuration (see Vichi et al. 2011 , for full details), with prescribed observed CO 2 until year 2000 and SRES A1B pathways thereafter (Nakicenovic and Swart 2000) .
All experiments prescribe a reference removal of atmospheric CO 2 down to the pre-industrial concentration of 285 ppmv (a reduction of 63 ppmv equivalent to about 134 Gt C), with different kind of negative emissions as described in Table 1 . Prescribed negative emissions are applied with three different time intervals: a One-time removal As PPM-0 but using the TR20 (1988) −8 full ESM configuration PPM-0S
One-time removal As PPM-0 but using the SA1B (2020)
The CTRL experiment is a 400 year-long present climate simulation with interactive oceanatmosphere ); TR20 and SA1B are transient simulations with observed and scenario greenhouse gases, respectively, using the full ESM configuration ). The last column reports the Implied Negative Emissions (INE, Section 3.2 and Fig. 2) for each experiment over a 30 years period reference experiment with one-time instantaneous removal and two with constant removal rates over a period of 10 and 30 years (all homogeneously distributed over the Earth surface). To simplify the comparison, all CDR actions are assumed to occur at a reference year 0 and the years before the CDR are negative. For the transient simulation (PPM-0T in Table 1 ), an absolute time axis is used, and year 0 corresponds to 1988 when the prescribed concentration was 348 ppmv as used in the present-climate CTRL experiment. The CDR in the scenario simulation (PPM-0S in Table 1 ) is supposed to occur at year 2020. Only carbon dioxide is removed and all other greenhouse gases are maintained constant or as observed for the rest of the 20th century and follow the A1B scenario for the part of the simulation extending into the 21st century . As the adjustment to the negative emissions occurs in about 20 years in most cases, the simulations are continued for 30 years after the end of the CDR actions.
Results
Atmospheric CO 2 and the ocean carbon flux
The PPM-0 family of experiments in Table 1 assumes that the policy target is the atmospheric concentration and that negative emissions have to be continuously adjusted to maintain the prescribed concentration. In the extremely idealized PPM-0 case, this implies an initial instantaneous removal of 134 Gt C to force the drop down to the preindustrial level and the subsequent maintenance rate depends on the natural mobilization of anthropogenic carbon stored in the ocean. The equivalent experiment in the GTY-0 family differs in the absence of deliberate maintenance after the CDR. Figure 1 shows the departure of GTY-0 from the target CO 2 value of PPM-0 after the sudden removal, when the CDR measures have ceased. A resulting value of about 298 ppm is attained after 10-15 years, which is 13 ppm higher than the preindustrial target.
Experiment GTY-10 shows that a constant rate of negative emissions (calibrated to remove the 63 ppmv from the atmosphere in 10 years) does not attain the target value in the desired time frame (Fig. 1) . The concentration at the end of the CDR action is about 6 ppm higher and it further increases to about the same value of GTY-0 in the next 20 years. The target value is instead almost attained when negative emissions are distributed over 30 years as in GTY-30 and the resulting atmospheric CO 2 is always close (and initially below) the theoretical target. The rebound effect is also reduced and the adjustment concentration is 5 ppmv higher than the preindustrial value. Figure 2 presents the resulting carbon fluxes between the oceanic pool and the atmosphere for 30 years after the beginning of the CDR actions. In the case of the one-time removal of carbon dioxide at year 0 (PPM-0, Fig. 2a ), there is a sudden release of inorganic carbon from the ocean that returns to neutral flux values in less than 30 years as previously reported by Cao and Caldeira (2010) using an intermediate complexity model. The imposition of a linear CO 2 decrease (PPM-10 and PPM-30, Table 1 ) removes the initial shock and therefore reduces the total ocean carbon release of the CDR as reported in the figure legend (see also Section 3.2 below). However, the adjustment depends on the reference pathway, since PPM-30 leads to an increase to positive values of the ocean outgassing instead of an adjustment to near zero over the target 30 years period. The one-time removal GTY-0 experiment with free-evolving atmospheric concentration leads to a quicker adjustment of the carbon exchange flux than PPM-0 (Fig. 2b) . This is a clear consequence of relaxing the prescription of a reference CO 2 pathway and therefore the atmosphere-ocean system finds a new atmospheric concentration value (Fig. 1) which is in equilibrium with a slightly higher ocean pCO 2 (not shown). The adjustment of the air-sea carbon flux is attained in about the same period when prescribing constant negative emissions (Table 1) and for 20 years after the end of the removal action over 10 years as done in GTY-10. GTY-30 is similar to PPM-30, both showing that at the end of the longer-term CDR action the ocean is still a source of anthropogenic carbon to the atmosphere because of the slower adjustment outgassing rates of the ocean that will be further studied in Section 3.3.
Implied negative emissions
The concept of implied emissions is proposed here to measure the overall carbon removal effort. This concept was introduced by Hibbard et al. (2007) and applied by Johns et al. (2011) to reconstruct the role of natural carbon sinks in the maintenance of stabilized concentration pathways. Implied emissions are defined as the sum of the fluxes with the terrestrial and oceanic components and in our case are simply the integral of the ocean carbon flux shown in Fig. 2 with the opposite sign. The implied emissions are almost always negative during a CDR policy (Implied Negative Emissions, INE), since the target CO 2 level is much lower than the initial control value.
The PPM experiments would necessarily require substantially higher INE than the planned removal of 134 Gt C, since 43, 38 and 18 Gt of ocean anthropogenic carbon have to be additionally removed from the atmosphere in a 30 years period for PPM-0, PPM-10 and PPM-30, respectively (Fig. 2a and Table 1 ). On the other hand, less ocean carbon (26 Gt C) would be released into the atmosphere for both the GTY-0 and GTY-10 experiments, which corresponds to the observed increase of about 12 ppm (Fig. 1) , and even less for GTY-30 over the considered period (Fig. 2b and Table 1 ).
The INE time series represent the additional effort of the policy that has to be undertaken in addition to the planned 134 Gt C CDR because of the natural ocean outgassing. We have examined it more in detail in Fig. 3 for the GTY experiments with distributed CDR. The extra work increases quite quickly in GTY-10 during the CDR period, requiring an additional carbon removal comparable to the estimation of the oceanic sink in CTRL which remains rather high also for the next 20 years after the end of the CDR. This effort is reduced on a yearly basis for GTY-30 because at the beginning the ocean is still anticipated to act a sink and the slower CDR rate allows a better adjustment that reduces the outgassing. In both cases the INE are close to 0 after 30 years from the end of the CDR actions (as it occurs for the PPM experiments, not shown), although the ocean is not anymore a sink as during the CTRL experiment (Fig. 2b) .
Ocean regional responses
The response of the ocean to changes in atmospheric CO 2 is not homogeneous (Crueger et al. 2008; Vichi et al. 2011 ). This is due to differences in ocean dynamics (such as the ventilation of deeper waters), the pre-formed distribution of carbonate variables (e.g. Key et al. 2004 ) and the intensity of biological processes. the last 10 years. The outgassing is rather homogeneously distributed over the entire ocean right after the one-time CDR (Fig. 4b) , with larger values in the Southern Ocean and North Atlantic and lower in the Indian Ocean and equatorial Atlantic. At the end of the 30 years all ocean basins return to similar values as during the control (Fig. 4c) , apart from the Southern Ocean (SO, especially the Indian and Atlantic sectors) and the equatorial Pacific to a lesser extent. This in an indication that the anthropogenic carbon is mostly stored in the upper ocean where the removal can be achieved in a time period of 30 years and that the SO is the key player in the regulation of the ocean-atmosphere fluxes.
To better investigate the adjustment time scales of the different oceans, we have computed the mean fluxes for each basin, both integrated over the surface and as average values from the GTY-0 experiment (Fig. 5 ). An exponential fit was used to evaluate the decay time scales (avoiding the initial abrupt decay and both for the total and the surface-averaged carbon fluxes). After the removal, the largest outgassing is observed in the Pacific Ocean that dominates because of the largest dimensions, while the SO has the largest contribution in terms of flux intensity (Fig. 5b) . After about 15 years, the carbon release from the Pacific Ocean is close to 0, and the SO becomes the only carbon source to the atmosphere. Not all regions are expected to reach equilibrium with the atmosphere as other mechanisms linked to the biological carbon pumps are at play (Crueger et al. 2008; Vichi et al. 2011 ). According to the exponential fit coefficients, the Indian Ocean has the shorter adjustment time scale, although this ocean is biased in these simulation results as it behaves as a carbon sink instead of a source . The Atlantic and the Pacific oceans show longer time scales with adjustment periods of 1-10 years. The SO is the basin that provides the slowest time scales of carbon exchange with the atmosphere with adjustment times of order 50 years.
Transient and scenario simulations
The results presented above have been obtained with a model considering only the ocean-atmosphere portion of the natural carbon cycle and under constant CO 2 concentration representative of the 20th century climate. This was specifically done to reduce the uncertainties on the climate system response and the terrestrial fluxes that are considerably less constrained (e.g. Friedlingstein et al. 2006 ). This section shows results from a simulation with the full ESM under the prescription of transient and scenario CO 2 pathways (PPM-0T and PPM-0S, Table 1 ), which implies that both the ocean and the land system do not modify the atmospheric carbon concentration and do not influence each other. The comparison between these experiments and the reference PPM-0 is presented in Fig. 6 . The one-time removal in PPM-0T was prescribed when the atmospheric concentration is equal to the one used in PPM-0 (year 1988), but the differences in the simulation setup led to a different background state of the initial ocean carbon flux, which is a larger sink in PPM-0T than in PPM-0. The ocean responds differently to the transient simulation with a somewhat larger sink, also because it is characterized by a colder mean state . The change of carbon flux from the ocean is equivalent (as this is a function of the accumulated anthropogenic carbon), but the adjustment to the neutral surface flux is quicker in PPM-0T and this leads to a considerably lower INE (Table 1) indicating a sensitivity of this value to the initial ocean state. The addition of the land flux (thin red line in Fig. 6) shows that before the CDR the total carbon uptake is strongly modulated by land processes, while in this specific ESM simulation the contribution of the terrestrial carbon flux is much smaller after the CDR (see Section 4 for a discussion). On the other hand, the scenario simulation PPM-0S shows that the oceanic release of anthropogenic carbon is much higher if the CDR action is done with a higher atmospheric CO 2 concentration with a INE of 48 Gt C (Table 1) . This trend confirms the results of Cao and Caldeira (2010) , who performed one-time CDR experiments at year 2050 and obtained a peak ocean flux of about 25 Gt C/year.
Discussion and conclusions
The prescribed one-time removal of 63 ppmv (134 Gt C) is clearly a mathematical exercise given the current state of technical knowledge. To put this number into perspective, it is equivalent to the estimated annual rate of terrestrial gross primary production or about 2-3 times the ocean net primary production (Falkowski et al. 2000) . Distributing this number over a period of 10 and 30 years would require a set of policies with negative emission rates of 13 and 4.5 Gt C yr −1 , which are respectively about 70 % more and 50 % less than the current anthropogenic emissions (Friedlingstein et al. 2010 ). The removal rate of 4.5 Gt C yr −1 for 30 years is probably as fast as any credible CDR can be and it is of extreme interest to policymakers to assess whether there would be any additional required effort due to the response of the natural carbon cycle to the CDR action.
The results presented here have investigated two possible families of CDR policies: prescribed target pathways (PPM) and prescribed negative CO 2 emissions (GTY). Both PPM and GTY families are likely to release substantial amounts of anthropogenic carbon from the ocean for about 20 years after the end of the action. There is however a clear difference in the implied negative emissions associated to each action; the extra work in the GTY action is smaller than PPM because the resulting time scales of air-sea CO 2 exchange are more comparable with the buffering rates of the natural ocean carbon cycle. This may be understood by looking at Fig. 3 : at the beginning of the CDR in GTY-30, the ocean still acts as a sink that further helps to absorb the excess atmospheric CO 2 , while a more marked removal induces a change in the surface carbonate system equilibrium leading to outgassing.
Our results have been obtained with a simplified set-up (Section 2.2) and the pair of initial and target CO 2 values is different from the one that the world will have to deal with when starting any realistic CDR policy. The involved fluxes may thus be different: this is why we added the experiments in Section 3.4, which indicate that the amount of the ocean carbon release may depend on the initial mean oceanic flux, which may also be a function of the mean ocean state. It is also confirmed that performing a CDR with a larger atmospheric concentration (that is waiting for the ocean to store more anthropogenic carbon) would lead to a substantially higher release of carbon in response to the CDR measure (as found in Cao and Caldeira 2010) . In summary, the release of carbon from the ocean may be smaller than found here if the ocean is a larger sink than currently estimated and it is anticipated to progressively increase if the CDR will start at the end of the century in a higher CO 2 world. It may also be hypothesized that also the GTY policy would be less effective, as the surface warming would reduce the exchange rates of carbon.
Most of the idealized experiments have been performed with an oceanatmosphere system because there are direct evidences that anthropogenic carbon has been stored in the ocean. This is clearly an approximation of the full carbon cycle system: the terrestrial part is quicker to react and largely uncertain (at least according to model results, Friedlingstein et al. 2006; Johns et al. 2011) , but the response strongly depends on the parameterization of CO 2 fertilization in the modelled terrestrial vegetation. Cao and Caldeira (2010) found in their simulations that terrestrial net primary production (NPP) is largely sensitive to the atmospheric removal and this eventually drives soil respiration. A large reduction in NPP is first observed because of the reduced atmospheric CO 2 value that stops the fertilization effect, and then a reduction in soil respiration follows because less carbon is transferred to this stock. This implies that only the fluxes due to increased fertilization are modified, and carbon is not mobilized from a previous storage in the terrestrial stocks as instead it occurs for the ocean. The PPM-0T and PPM-0S experiments presented in Section 3.4 shows that the land response to a PPM CDR is much lower than the ocean response if a vegetation model with little fertilization effect is used. It is argued that the response of this land model would be the same in a transient GTY experiment because it is the lowering of the atmospheric concentration that reduces the land response. Given the large spread in land carbon fluxes when considering different ESMs (e.g. Johns et al. 2011) , there are still considerable uncertainties in the amount of implied negative emissions that would be derived from the terrestrial component, while the uncertainties for the ocean mostly depends on the value of the current carbon sink.
The computational constraints of using an ESM with detailed dynamics are still high and only a limited set of experiments was performed. Therefore, these results need to be supported by additional simulations with different models and setups, although, within the limits of using one model realization, there are evident advantages of using a CDR policy based on target negative emissions, since it is more compliant with the carbon fluxes at the ocean time scales.
